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cortical circuit; GABA; IPSC; mGluR; modulation METABOTROPIC GLUTAMATE RECEPTORS (mGluRs) are G proteincoupled receptors found in many areas of the mammalian brain (Hollmann and Heinemann 1994) . Previous work from our laboratory has shown that activation of mGluRs either by agonist application or by stimulation of certain glutamatergic inputs reduces the gain of synaptic transmission in other glutamatergic inputs. Both presynaptic and postsynaptic mGluRs have been implicated in this phenomenon in various combinations [reviewed in Sherman (2014) ].
Recent studies have indicated the existence of mGluRs on GABAergic terminals, suggesting the possibility that activation of these receptors can modulate GABA release (Cartmell and Schoepp 2000; Pinheiro and Mulle 2008; Schoepp 2001) . However, studies that tested this idea have produced a range of results. Activation of group II mGluRs has been shown to suppress GABAergic responses in hippocampus (Jouvenceau et al. 1995; Liu et al. 1993) , thalamus (Salt and Eaton 1995; Salt and Turner 1998) , olfactory bulb (Hayashi et al. 1993) , striatum (Hanania and Johnson 1999) , tectum (Farazifard and Wu 2010; Neale and Salt 2006) , and parts of brain stem (Chen and Bonham 2005; Jones et al. 1998 ). However, group I mGluR activation appears to have no significant effect in most brain regions with the exception of striatum (Hanania and Johnson 1999; Wang et al. 1996) and some parts of brain stem (Jones et al. 1998) , where it increases GABA release.
Given the importance of GABAergic circuitry in cortex (Anderson et al. 2000; DeFelipe 1993; Ferster and Miller 2000; Haglund et al. 1992; Hamberger and van Gelder 1993; Hirsch and Martinez 2006; Marco et al. 1996; Monier et al. 2003; Sherwin 1999; Wood et al. 1979) and given the widespread presence of mGluRs in cortex, we sought to investigate the effects of mGluR activation on specific GABAergic circuits in cortex. We identified GABAergic inputs from layer 4 to cells in layers 2/3 and from layer 4 to cells in adjacent locations in layer 4 in both the primary visual and primary auditory cortices in mice. We found that the activation of presynaptic group II mGluRs on GABAergic terminals in these pathways acted to reduce the gain of GABAergic processing there.
MATERIALS AND METHODS
We adopted our previously described procedures (De Pasquale and Sherman 2011 , 2012 , 2013 Lam and Sherman 2005; Lee and Sherman 2008; Reichova and Sherman 2004; Theyel et al. 2010) ; these are briefly summarized below. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Chicago.
Slice Preparation
Coronal slices were prepared from BALB/c mice (aged 9 -31 days; Harlan). Animals were deeply anesthetized by isoflurane inhalation (AErrane; Baxter) and then decapitated. Brains were removed and placed in cold (0 -4°C), oxygenated (95% O 2 -5% CO 2 ) slicing solution containing, in mM, 2.5 KCl, 1.25 NaH 2 PO 4 , 10 MgSO 4 , 0.5 CaCl 2 , 25 NaHCO 3 , 11 glucose, and 206 sucrose. Slices (400 m thick) were prepared as described before (De Pasquale and Sherman 2012) and were kept in artificial cerebrospinal fluid (ACSF) containing, in mM, 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , and 25 glucose at room temperature. In some experiments designed to block synaptic transmission, we used ACSF with a low-Ca 2ϩ and high-Mg 2ϩ concentration, containing, in mM, 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 1 CaCl 2 , 3 MgCl 2 , and 25 glucose.
Electrophysiology
Whole cell recordings were obtained from layers 2/3 pyramidal cells in V1 and A1 and layer 4 pyramidal cells in V1 and A1. Recording pipettes were filled with intracellular solution containing, in mM, 117 K-gluconate, 13 KCl, 1 MgCl 2 , 0.07 CaCl 2 , 10 HEPES, 0.1 EGTA, 2 Na 2 -ATP, 0.4 Na-GTP, and 0.1-0.5% biocytin, pH 7.3, 290 mOsm. In experiments aimed at interfering with the postsynaptic action of mGluRs, the nonhydrolyzable GTP analog GDP␤S (1 mM, Sigma-Aldrich) was added to the intracellular solution to block postsynaptic G protein-coupled activity.
All experiments were performed on a visualized slice setup under a differential interference contrast-equipped Axioskop 2FS microscope (Carl Zeiss Instruments). Current-and voltage-clamp signals were collected and amplified using pCLAMP software and a MultiClamp 700B amplifier (Axon Instruments). Only cells with a stable access resistance between 12 and 20 M⍀ were recorded. Hyperpolarizing currents were injected to identify I h , whereas depolarizing currents were injected to identify regular tonic or bursting spike patterns. We recorded postsynaptic responses mostly in voltageclamp.
In some experiments, we stimulated inputs to the recorded cells by placing a bipolar concentric electrode (FHC) in a location guided by glutamate photostimulation (i.e., uncaging) maps. We found that when recording cells in layers 2/3, the strongest response would always be recorded when the electrode was placed on layer 4 directly below the recorded cell, and a layer 4 cell would show the strongest response when the electrode was placed lateral to it in layer 4. In all experiments, the stimulating electrodes were placed at least 200 m away from the recorded cells. Electrical stimulation consisted of four pulses at 25 Hz. The duration of each pulse was 0.1 or 0.2 ms. We used the minimal stimulation intensity that was capable of producing inhibitory postsynaptic currents (IPSCs) reliably. More specifically, for any given recorded cell, we identified the stimulation intensity that produced IPSCs ϳ50% of the time. We then increased stimulation by 5-A increments until we observed IPSCs every time, and we used this as our stimulation intensity.
Laser Photostimulation of GABA
For our GABA photostimulation experiments, we used our previously described methods for glutamate photostimulation but replaced caged glutamate with the caged GABA compound RuBi-GABA (5 M; R&D Tocris; Verde et al. 2008) . Focal photolysis of the caged GABA was accomplished by a pulsed UV laser (355-nm wavelength, frequency-tripled Nd: UVO4, 100-kHz pulse repetition rate; DPSS Lasers). Custom-made software written in MATLAB (MathWorks) was used to control the photostimulation interface (Shepherd et al. 2003) .
Pharmacology
In some experiments, we bath-applied various mGluR agonists, in addition to AMPA and NMDA antagonists, as described previously (De Pasquale and Sherman 2011 , 2012 , 2013 . These agents were delivered to the recording chamber by injecting a bolus into the flow line of the recirculating ACSF. A minimum of 5 min had to elapse following the administration of the agonists and antagonists before any stimulation protocols could commence.
AMPA and NMDA antagonists were used at the following concentrations: the AMPA receptor antagonist DNQX (R&D Tocris), 50 M; the NMDA receptor antagonist MK-801 (Sigma-Aldrich), 40 M. The concentration of mGluR agonists used was as follows: the general mGluR agonist ACPD (R&D Tocris), 100 M; the group I mGluR agonist DHPG (R&D Tocris), 100 M; the group II mGluR agonist APDC (R&D Tocris), 100 M.
Normalization and Statistical Procedures
In most of our analyses, IPSC values represented the average of 10 trials. For each cell, IPSC values of the repeated stimulation (IPSC x ) have been normalized to the value of the 1st IPSC in the control condition (IPSC control-1 ) according to the procedure IPSC normalized ϭ (IPSC x /IPSC control-1 ), expressed as a percentage. The effect of each agonist on each IPSC was evaluated using a Wilcoxon signed-rank test.
RESULTS
We recorded from a total of 142 cells: 102 in V1 and 40 in A1. V1 neurons had an average resting membrane potential of Ϫ64.6 Ϯ 6.0 mV (mean Ϯ SD) and an average input resistance of 281.5 Ϯ 129.1 M⍀. The respective values for neurons in A1 were Ϫ63.2 Ϯ 6.0 mV and 227.9 Ϯ 129.7 M⍀. None of the recorded cells was fast-spiking. A total of 21 biocytin-filled cells (18 in V1 and 3 in A1) were successfully recovered, all of which were identified as pyramidal. No physiological or morphological differences were observed between V1 and A1 cells.
Effects on GABAergic Inputs in V1
GABAergic inputs in layers 2/3 activated from layer 4 in V1. Figure 1A schematically illustrates the stimulation and recording arrangement for 12 cells recorded in layers 2/3 with electrical stimulation (4 pulses at 25 Hz) applied in layer 4 below each recorded cell. To help isolate and identify IPSCs, we maintained the membrane potential of each cell at 0 mV and added the AMPA and NMDA antagonists (50 M DNQX and 40 M MK-801, respectively) to the bath. Electrical stimulation of layer 4 evoked IPSCs in every recorded cell in layers 2/3. Furthermore, since the recordings were performed in the presence of AMPA and NMDA receptor antagonists, it is unlikely that the GABAergic responses we recorded could reflect anything other than monosynaptic activation (see also MATERIALS AND METHODS). Initially, we stimulated at different frequencies (10, 25, and 50 Hz) . No significant differences were observed with regard to IPSC amplitudes or the overall patterns of depression or facilitation at different frequencies (data not shown). We thus chose to continue the experiment using 25 Hz as our standard frequency of stimulation. Figure 1B shows the effects of application of ACPD on the IPSCs evoked in layers 2/3. A train of four IPSCs was recorded before and during the application of ACPD. We found that the amplitudes of all four IPSCs were significantly decreased during the application of ACPD and that this decrease was reversed by washing out the ACPD (Fig. 1Bi ). This effect was particularly dramatic for the first IPSC (decreased by 56%; P Ͻ 0.01) but also very strong for the second (decreased by 53%; P Ͻ 0.001), third (decreased by 42%; P Ͻ 0.01), and fourth (decreased by 30%; P Ͻ 0.01) IPSCs ( Fig. 1Bii; Table 1 ). After the washout, the amplitudes of all 4 IPSCs were mostly recovered (the 1st IPSC back to 92% of the baseline, the 2nd IPSC back to 81% of the baseline, the 3rd IPSC back to 85% of the baseline, and the 4th IPSC back to 95% of the baseline; Table 1 ). In the control condition (i.e., before ACPD application), the IPSCs in 9 out of 12 cells showed a depressing pattern (i.e., each IPSC had an amplitude that was smaller than the previous), whereas 3 cells responded with facilitation (i.e., each IPSC had greater amplitude than the previous; Fig. 1Biii ). Application of ACPD shifted this pattern so that 8 of the 12 cells now showed a more facilitating pattern of responses ( Fig.  1Biii ; P Ͻ 0.01, Wilcoxon signed-rank test). The washout reversed this effect (washout compared with the control: P Ͼ 0.05, Wilcoxon signed-rank test). The general effects of ACPD on paired-pulse dynamics suggest a presynaptic site for this change in evoked IPSCs (Dobrunz and Stevens 1997; Frick et al. 2007; Markram et al. 1998; Thomson 2000) , and further experiments described below support this conclusion.
A presynaptic effect should not influence the time course of IPSCs, and, to test this, we measured the effects of ACPD on the rise and decay times of the evoked IPSCs. Rise time was defined as the time elapsed between 20 and 80% of the peak value of the evoked IPSCs. Figure 2Ai shows that application of ACPD had no significant effect on this parameter for the evoked IPSCs (P Ͼ 0.1 for all comparisons on Mann-Whitney U tests). To check whether the inhibition of evoked IPSCs is associated with postsynaptic GABA receptor desensitization, we also measured the effects of ACPD on the decay time Dii: evoked outward currents before (blue) and after the ACPD application (red) evoked by GABA photostimulation; the arrow shows the time of photostimulation, 100 ms after the recording starts. Diii: no significant change of ACPD was seen on outward currents. E and F: effects of the specific mGluR agonists. E: the group I mGluR agonist, DHPG, produced no significant change in evoked IPSCs. F: the group II mGluR agonist, APDC, produced a significant decrease in evoked IPSCs, and the effect could be partly reversed by washing out.
(between 80 and 20% of the peak value of the evoked IPSCs after baseline adjustment). As shown in Fig. 2Aii , the application of ACPD had no significant effect on the decay time of all 4 evoked IPSCs (P Ͼ 0.1 for all comparisons on MannWhitney U tests). In a complementary set of experiments, we added GDP␤S to the intracellular solution for 15 additional cells recorded in layers 2/3. The goal here was to interfere with the effects of postsynaptic metabotropic receptors (see MATE-RIALS AND METHODS). For 8 of the 15 cells, we obtained data from all 3 conditions: control, ACPD application, and washout; whereas for the remaining 7 cells, we obtained data for only the 1st 2 conditions. GDP␤S failed to prevent the effects of ACPD on evoked IPSCs (Fig. 1 , Ci and Cii; the 1st IPSC was decreased by 56%, P Ͻ 0.05; the 2nd, by 43%, P Ͻ 0.05; the 3rd, by 36%, P Ͻ 0.05; and the 4th, by 30%, P Ͻ 0.05; Wilcoxon signed-rank test; Table 1 ). After washing out, the amplitudes of all 4 IPSCs were mostly recovered (the 1st IPSC back to 69% of the baseline, the 2nd IPSC back to 90% of the baseline, the 3rd IPSC back to 94% of the baseline, and the 4th IPSC back to 91% of the baseline; Table 1 ). Furthermore, application of ACPD had no significant effect on IPSC rise or decay times (Fig. 2 , Bi and Bii; P Ͼ 0.1 for all 4 IPSCs on Mann-Whitney U tests) in these experiments. These observations further support a presynaptic site for the effects of ACPD on the evoked IPSCs.
During the recording of an additional seven cells in layers 2/3, we attempted to isolate potential postsynaptic effects of ACPD in the following manner. Recordings were performed in a low-Ca 2ϩ and high-Mg 2ϩ ACSF to block synaptic transmission. While holding a cell at 0 mV, we applied RuBi-GABA to the bath and photostimulated the cell over a four-by-four matrix (50-m spacing between points; Fig. 1Di ). This directly activated the GABA receptors on the recorded cells, with some of the activation sites being dendritic, and such photostimulation produced outward currents (Fig. 1Di) . ACPD application had no appreciable effects on outward currents evoked by this direct GABAergic activation on either the cell bodies or dendrites ( Fig. 1D ; P ϭ 0.8). This indicates no appreciable effect on activation of postsynaptic GABA receptors by coactivating postsynaptic mGluRs.
Using the same experimental arrangement as in Fig. 1A , we applied specific mGluR agonists to eight additional cells recorded in layers 2/3 to identify the mGluRs involved in the effects shown in Fig. 1 , A-C. Application of DHPG had no significant effect on the amplitude of IPSCs recorded in layers 2/3 cells following layer 4 stimulation ( Fig. 1E ; P Ͼ 0.05 for all 4 IPSCs, Wilcoxon signed-rank test; see Table 1 for detailed data). Application of APDC, however, resulted in a significant decrease in the amplitude of all 4 evoked IPSCs ( Fig. 1F ; the 1st IPSC was decreased by 51%, P Ͻ 0.01; the 2nd, by 35%, P Ͻ 0.01; the 3rd, by 29%, P Ͻ 0.05; and the 4th, by 22%, P Ͻ 0.01; Wilcoxon signed-rank test; Table 1 ), whereas washing out largely reversed these effects (the 1st IPSC back to 71% of the baseline, the 2nd IPSC back to 71% of the baseline, the 3rd IPSC back to 74% of the baseline, and the 4th IPSC back to 84% of the baseline; Table 1 ). We thus conclude that the effects documented in Fig. 1A are due to presynaptic activation of group II mGluRs.
GABAergic inputs in layer 4 activated from adjacent layer 4 locations in V1.
To test the generality of mGluR effects on GABAergic transmission, we repeated the experiments described above in another GABAergic pathway within V1. Namely, we recorded from layer 4 cells in V1 and stimulated an adjacent region in layer 4 (which was selected following glutamate photostimulation) at least 200 m away from the recorded cell. The experimental arrangement is schematically illustrated in Fig. 3A . As before, we held the cells at 0 mV and introduced AMPA and NMDA receptor antagonists (50 M DNQX and 40 M MK-801) to isolate IPSCs. Figure 3B shows the effects of ACPD on IPSCs evoked in 11 cells in layer 4 of V1. As we saw for the experiment documented in Fig. 1 , after ϳ8 min of ACPD application, the amplitudes of all 4 IPSCs were significantly decreased ( Fig.  3Bi) : the 1st IPSC was decreased by 61% (P Ͻ 0.001); the 2nd, by 55% (P Ͻ 0.01); the 3rd, by 47% (P Ͻ 0.01); and the 4th, by 42% (P Ͻ 0.05, Wilcoxon signed-rank test; Fig. 3Bii ; Table  1 ). Washout was studied in 7 of the 11 cells, and we found that it generally reversed the effects of ACPD (the 1st IPSC back to 94% of the baseline, the 2nd IPSC back to 95% of the baseline, the 3rd IPSC back to 100% of the baseline, and the 4th IPSC back to 93% of the baseline; Table 1 ). As with the experiment shown in Fig. 1 , the ratios of the amplitudes of the 4th IPSC and the 1st IPSC were varied among the cells before ACPD with 6 showing depression and 5, facilitation (Fig. 3Biii) . Following ACPD application, 9 of the 11 cells showed a more facilitating pattern of responses ( Fig. 3Biii ; P Ͻ 0.05, Wilcoxon signed-rank test). Among the 7 cells that got through the washing-out procedure, washout reversed the response pattern in 6 cells (P Ͻ 0.05 vs. the ACPD group, P Ͼ 0.05 vs. the control group, Wilcoxon signed-rank test). As above for the layer 4-to-layers 2/3 pathway, application of ACPD had no significant effect on the rise or decay times (Fig. 2 , Ci and Cii; P Ͼ 0.1 for all 4 IPSCs on Mann-Whitney U tests). We used the same methodology in this study of the within-layer-4 GABAergic pathway as we did in the layer 4-to-layers 2/3 pathway to test further for the presence of presynaptic vs. postsynaptic effects of ACPD. GDP␤S was used in the recording electrode of 12 additional neurons to block effects due to activation of postsynaptic mGluRs. The application of ACPD induced a significant decrease of the amplitude of evoked IPSCs in layer 4 ( Fig. 3Ci; Table 1 ): the 1st IPSC was decreased by 51% ( Fig. 3Cii ; P Ͻ 0.05); the 2nd, by 49% (P Ͻ 0.05); the 3rd, by 38% (P Ͻ 0.05); and the 4th, by 34% (P Ͻ 0.05). After washing out, the amplitudes of all 4 IPSCs were mostly recovered (the 1st IPSC back to 98% of the baseline, the 2nd IPSC back to 86% of the baseline, the 3rd IPSC back to 85% of the baseline, and the 4th IPSC back to 85% of the baseline; Table 1 ). Again, application of ACPD had no significant effect on the rise or decay times (Fig. 2 , Di and Dii; P Ͼ 0.1 for all 4 IPSCs on Mann-Whitney U tests). To isolate possible postsynaptic contributions of mGluRs in reducing IPSC amplitudes in this experiment, we again used photostimulation of GABA in a low-Ca 2ϩ and high-Mg 2ϩ ACSF in 5 other cells. Figure 3D shows no significant effect of ACPD application on directly activated GABAergic outward currents in these experiments ( Fig. 3Dii ; P ϭ 0.6). Based on these observations, we conclude that application of ACPD reduces the amplitude of GABAergic IPSCs evoked in these layer 4 cells by activating presynaptic mGluRs.
Specific mGluR agonists for this pathway were tested in additional experiments. DHPG was tested on 6 additional cells in layer 4, and this failed to affect significantly the amplitudes Di: evoked outward currents before (blue) and after the ACPD application (red) evoked by photostimulation of GABA; the arrow shows the time of photostimulation 100 ms after the recording starts. Dii: no significant change of ACPD on outward currents. E and F: effects of the specific mGluR agonists. E: DHPG produced no significant change in evoked IPSCs. F: APDC produced a significant decrease in evoked IPSCs, and the effect could be partly reversed by washing out.
of IPSC evoked from lateral locations in layer 4 ( Fig. 3E ; Table  1 ; P Ͼ 0.05 for all 4 IPSCs). The application of APDC in 13 additional cells induced a significant amplitude decrease for all 4 IPSCs ( Fig. 3F ; Table 1 ): the 1st IPSC was decreased by 53% ( Fig. 3Fii ; P Ͻ 0.001); the 2nd, by 40% (P Ͻ 0.001); the 3rd, by 39% (P Ͻ 0.001); and the 4th, by 29% (P Ͻ 0.001); whereas washing out partly reversed the effect (the 1st IPSC back to 77% of the baseline, the 2nd IPSC back to 69% of the baseline, the 3rd IPSC back to 63% of the baseline, and the 4th IPSC back to 70% of the baseline; Table 1 ). Overall, the experiments in the layer 4-to-layer 4 GABAergic pathway in V1 shows the same susceptibility to mGluR activation as does the GABAergic pathway from layer 4 to layers 2/3: evoked IPSCs are decreased in amplitude by the activation of presynaptic group II mGluRs.
Effects on GABAergic Inputs in A1
To determine further the potential generality of the effects reported above for V1, we repeated a selected subset of the above experiments in A1.
GABAergic inputs in layers 2/3 activated from layer 4 in A1. The laminar locations of the electrical stimulation and recorded cells in A1 were similar to those in V1, as shown in Fig. 1A , with the same recording and stimulation parameters. We tested the effect of ACPD on IPSCs evoked from layer 4 in eight layers 2/3 cells in A1. As in V1, these IPSCs were significantly reduced in amplitude by the application of ACPD ( Fig. 4Ai ; Table 2 ): the first IPSC was decreased by 61% ( Fig. 4Aii ; P Ͻ 0.05); the second, by 47% (P Ͻ 0.05); the third, by 37% (P Ͻ 0.05); and the fourth, by 30% (P Ͻ 0.01). Every cell responded with depressing IPSCs, but following ACPD application the responses moved toward facilitation in seven out of eight cells recorded ( Fig. 4Aiii ; P Ͻ 0.05, Wilcoxon signed-rank test). Application of ACPD had no significant effect on the rise time ( Fig. 5Ai ; P Ͼ 0.1 for all 4 IPSCs on Mann-Whitney U tests) or the decay times ( Fig. 5Aii ; P Ͼ 0.2 for all 4 IPSCs, Mann-Whitney test). We also applied GDP␤S in the intracellular solution of 8 additional cells recorded in layers 2/3 and found that the amplitude of IPSCs was still reduced by ACPD application ( Fig. 4Bi; Table 2 ): the 1st IPSC was decreased by 42% ( Fig. 4Bii ; P Ͻ 0.01); the 2nd, by 32% (P Ͻ 0.01); the 3rd, by 22% (P Ͻ 0.05); and the 4th, by 17% (P Ͻ 0.05). Finally, application of ACPD had no significant effect on the rise or decay times (Fig. 5 , Bi and Bii; P Ͼ 0.1 for all 4 IPSCs on Mann-Whitney U tests). GABA photostimulation in 5 additional cells recorded in a low-Ca 2ϩ and high-Mg 2ϩ ACSF showed no significant effect of ACPD on the directly evoked outward currents ( Fig. 4C ; P ϭ 0.8).
GABAergic inputs in layer 4 activated from adjacent layer 4 locations in A1. The stimulation and recording methods used for the investigation of the layer 4 GABAergic inputs to layer 4 cells in A1 were similar to those used in V1. In each of the eight cells recorded from layer 4, the four evoked IPSCs were reduced in amplitude by ACPD ( Fig. 6Ai; Table 2 ): the first IPSC was decreased by 54% ( Fig. 6Aii ; P Ͻ 0.01); the second, by 48% (P Ͻ 0.01); the third, by 45% (P Ͻ 0.01); and the fourth, by 40% (P Ͻ 0.01). Six out of eight cells responded 59.5 Ϯ 2.5 29.1 Ϯ 6.9 † 51.7 Ϯ 5.9 34.8 Ϯ 2.8* IPSC4 77.6 Ϯ 9.5 37.4 Ϯ 5.9 † 90.8 Ϯ 9.7 63.7 Ϯ 9.6* *P Ͻ 0.05, †P Ͻ 0.01.
with depressing IPSCs. For five cells, ACPD application moved responses toward facilitation, whereas for three cells it moved responses toward depression (Fig. 6Aiii) . Application of ACPD had no significant effect on the rise or decay times (Fig.  5 , Ci and Cii; P Ͼ 0.1 for all 4 IPSCs on Mann-Whitney U tests). We applied GDP␤S in the intracellular solution while recording from 5 additional cells for which the application of ACPD reduced the amplitude of evoked IPSCs ( Fig. 6Bi ; Table  2 ): the 1st IPSC was decreased by 46% ( Fig. 6Bii ; P Ͻ 0.05); the 2nd, by 43% (P Ͻ 0.05); the 3rd, by 42% (P Ͻ 0.05); and the 4th, by 27% (P Ͻ 0.05). Neither IPSC rise times ( Fig. 5Di ; P Ͼ 0.1 for all 4 IPSCs on Mann-Whitney U tests) nor decay times ( Fig. 5Dii ; P Ͼ 0.05 for all 4 IPSCs, Mann-Whitney test) were affected by ACPD application. GABA photostimulation in 6 other cells recorded in a low-Ca 2ϩ and high-Mg 2ϩ ACSF showed no significant effect of ACPD on the directly evoked outward currents ( Fig. 6C; P ϭ 0.9) .
Age-Dependent mGluR Effects
Inhibitory circuits in visual cortex continue to mature after birth, and the amount of GABAergic input converging onto layers 2/3 pyramidal cells undergoes a dramatic increase during the postnatal critical period (Morales et al. 2002) . The ages of animals we used in our experiments ranged from 9 to 31 days postnatal (P). To determine whether the effects of mGluR activation vary with age, we pooled the data from V1 and A1 together and then split them into four age groups (ϽP15, P15-19, P20 -25, and ϾP24). We then compared the effects of ACPD on the amplitude of the first evoked IPSC. Whereas ACPD decreased IPSC amplitudes significantly (compared with control conditions) in all four age groups, the decrease was particularly pronounced for the youngest age group (Fig. 7) . The ACPD-induced decrease of IPSC amplitudes in the ϽP15 age group was significantly higher than that of the other three groups (ϽP15 vs. P15-19, P Ͻ 0.001; ϽP15 vs. P20 -24, P Ͻ 0.001; ϽP15 vs. ϾP24, P Ͻ 0.05; Mann-Whitney test). However, the effects of ACPD on IPSC amplitudes were similar across the three older age groups (P Ͼ 0.05, Mann-Whitney for each comparison). These results suggest that even though ACPD had similar effects across animals of different ages, these effects were particularly prominent in animals at early stages of development.
DISCUSSION
We have shown that application of ACPD significantly decreases the amplitude of GABAergic transmission in the layer 4-to-layers 2/3 pathway and the layer 4-to-layer 4 pathway in both V1 and A1 of mice. A similar decrease of GABAergic neurotransmission by presynaptic mGluRs has been observed in other brain regions (Chen and Bonham 2005; Farazifard and Wu 2010; Hanania and Johnson 1999; Hayashi et al. 1993; Jones et al. 1998; Jouvenceau et al. 1995; Liu et al. 1993; Neale and Salt 2006; Salt and Eaton 1995; Salt and Turner 1998) . However, our data demonstrate for the first time the effects of mGluR activation on specific intracortical GABAergic pathways in V1 and A1. We also were able to show that these effects are due to activation of group II mGluRs located presynaptically, and we argue below that the presynaptic site of action is likely to be the presynaptic GABAergic terminals. The implication is that, as activity increases among certain as yet unspecified glutamatergic cortical circuits, this leads to downregulation of many GABAergic circuits through activation of these presynaptic mGluRs.
One proviso to the above is the identity of the GABAergic afferents activated in our experiments. By using photostimulation to identify a "hot spot" of cell bodies as a source of GABAergic inputs to a recorded cell and by placing fine stimulating electrodes over that hot spot, we feel that we have minimized the problem associated with also activating fibers of passage (e.g., see De Pasquale and Sherman 2011, 2012), but we make no claim that we have eliminated this possibility. However, even with some contamination of fibers of passage, this would not seriously affect our main conclusion that presynaptic mGluRs fairly consistently reduced the probability of release of different GABAergic circuits within cortex. We also note that we found some variability in short-term synaptic plasticity of IPSCs at baseline as evidenced by synaptic depression in most cells with facilitation in some. We suggest that this is due to the contribution of different GABAergic inputs for each recorded cell, a common feature for projections within cortex, with these inputs having differing patterns of short-term plasticity. Nonetheless, the activation of mGluRs in these experiments showed a general pattern of reducing depression (or increasing facilitation) in recorded cells, and given other data we describe, this is all consistent with a general reduction of probability of release in presynaptic GABAergic terminals. The only possible exception to this pattern was observed in the layer 4-to-layer 4 pathway in A1, where mGluR activation did not significantly affect short-term plasticity, although a trend to this effect was seen (Fig. 6Aiii) . Whereas the reason for this difference with the results in V1 (Fig. 3Biii) is not clear, other differences between circuitry of V1 and A1 have been noted in several species, including rodents (Anderson et al. 2009; Linden and Schreiner 2003; Read et al. 2002; Smith and Populin 2001) , so this possible difference is not surprising.
The presynaptic site of the affected mGluRs is supported by several independent lines of evidence: the effects were accompanied generally by appropriate reduction in synaptic depres- *** *** * Fig. 7 . Effects of ACPD application at different ages in postnatal days (ϽP15, P15-19, P20 -24, and ϾP24); meaning of asterisks as in Fig. 1 . Although ACPD application decreased the amplitude of IPSCs in all 4 age groups, the decrease observed for the youngest age group was significantly higher compared with the other age groups. Each data point represents a cell. Data points within each age group have been spread out for clarity.
Bi
sion; there were no evident changes in the time course of evoked IPSCs; addition of GDP␤S to the intracellular solution did not reduce the effects of mGluR agonists; and direct responses to photostimulation of GABA in a low-Ca 2ϩ and high-Mg 2ϩ ACSF were not affected by mGluR agonists. There are two plausible presynaptic actions of group II mGluRs seen here. One is that activation of these receptors so hyperpolarizes the GABAergic afferent inputs that fewer respond to the electrical activation applied, resulting in a smaller IPSC. This may seem improbable, because electrical stimulation is likely to be well above activation threshold even for moderately hyperpolarized cells, but the possibility cannot be ruled out. The other possibility, that the effect is due to activation of group II mGluRs on presynaptic GABAergic terminals, seems much more likely. This is because the changes seen in shortterm synaptic plasticity, namely that for the vast majority of cases the activation of group II mGluRs reduced depression, is best explained by a decrease in probability of release, leading to smaller evoked IPSCs (Dobrunz and Stevens 1997; Frick et al. 2007; Markram et al. 1998; Thomson 2000; Varela et al. 1999 ). This simpler explanation for the results seen clearly implicates the presynaptic GABAergic terminals as the site of action.
The advantage of reducing the gain of synaptic transmission via activation of presynaptic receptors is that specific afferents can be targeted, although it is not clear whether all GABAergic terminals targeting various postsynaptic cells from a given parent neuron possess mGluRs. Nonetheless, the fact that the present data indicate that GABAergic transmission in cortex is commonly affected through activation of presynaptic mGluRs raises the possibility that much GABAergic circuitry can be selectively regulated.
This conclusion should be considered in the context of prior work that shows that activation of certain glutamatergic inputs also downregulates glutamatergic circuits, likewise through activation of mGluRs, although evidence from various sources indicates both presynaptic and postsynaptic involvement of both group I and group II mGluRs in this latter result (De Pasquale and Sherman 2011 , 2012 , 2013 Lee and Sherman 2009a,b) . It is interesting in this regard that the available evidence involving a number of examples indicates that activation of the relevant mGluRs always leads to a reduction of synaptic transmission and not an increase. There are two possibilities, among others, to consider here. One is that, as overall excitability rises in cortical circuits, the more active glutamatergic afferents lead to broad activation of mGluRs serving to downregulate transmission of both GABAergic and glutamatergic circuits in a roughly balanced manner, producing a sort of homeostatic mechanism for cortical circuitry. Another possibility is that glutamatergic afferents can selectively target either GABAergic or glutamatergic pathways for more specific modulation of activity levels in cortical circuits.
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